ABSTRACT ALLEN, EMMA G. (Downstate Medical School, State University of New York, Brooklyn). Use of tetrazolium salts for electron transport studies in meningopneumonitis. II. Reduced nicotinamide adenine dinucleotide phosphate system. J. Bacteriol. 92:1041Bacteriol. 92: -1046Bacteriol. 92: . 1966.-The conditions of electron transfer from nicotinamide adenine dinucleotide phosphate in meningopneumonitis (MP) are described and compared with electron transfer from nicotinamide adenine dinucleotide by this organism. The observations suggest that, in either system, there may be more than one pathway of electron flow, and that these pathways differ from those in normal membrane particulates. It was also found that after trypsin treatment, particulates from pools of normal allantoic fluids and membranes retain the normal characteristics, whereas those from pools of MP-infected fluids and membranes assume the characteristics of MP particles from fluids.
The first investigation of electron transport in meningopneumonitis (MP) preparations indicated that reduced nicotinamide adenine dinucleotide phosphate (NADPH2) could not serve in this system when cytochrome c was used as the oxidant (2) . However, data presented here, where tetrazolium salts were used as the electron acceptor, suggest that there are conditions under which electron transfer from NADPH2 can be carried out by MP particles. Electron transfer from NADPH2 is also carried out by normal, allantoic membrane particulates. It has been reported (1) that the pattern of reduction of the various tetrazoles, in the presence of reduced nicotinamide adenine dinucleotide (NADH2) by normal membrane particulates differs from that exhibited by MP; this is also true of tetrazole reduction in the presence of NADPH2.
In this experiment, the best possible control was achieved by comparing pools of normal allantoic membranes and fluids with pools of MPinfected membranes and fluids, both from the same batch of eggs. Though both crude untreated homogenates show an enzymatic pattern characteristic of normal tissue, it has been observed that the purified particulates from normal eggs retain the pattern characteristic of normal MP, whereas the purified particulates from MP-infected eggs now show the enzymatic pattern characteristic of that associated with MP purified from allantoic fluid. These data lend greater strength to the idea that enzymatic activity found associated with partially purified MP truly reflects activities of this organism rather than of contaminating host-tissue activities.
In addition, this report suggests that there may be more than one pathway of NADPH2 oxidation, which may or may not be affected by the presence of menadione, coenzyme A (CoA), pyridoxal phosphate, or certain divalent cations. MATERIALS Water used in all these experiments was deionized and then glass-distilled. All solutons except tetrazoliums and coenzymes were sterilized before use. All MP and normal preparations were harvested and treated in a manner to prevent bacterial contamination.
MP. The Cal 10 strain of MP passaged in the allantoic cavity of 9-day-old fertile hens' eggs was used. Infected allantoic fluids were centrifuged at 750 X g to remove cell debris, and then at 12,000 X g to sediment the infectious particles. The particles were suspended in 0.25 volume of PGS, and the cycles of low-and high-speed centrifugations were repeated. The final pellet was resuspended in one-tenth the original volume with PGS; this was designated as crude MP preparation.
Further purification was carried out by treatment with trypsin (0.5 mg/ml) overnight in the cold, then by centrifuging again at 750 X g, followed by sedimenting the infectious particles at 12,000 X g. Final suspensions were made at one-tenth the original volume with PGS.
Infectivity titrations were carried out as previously described (3).
Membrane preparations. A part of one group of eggs was infected with MP, and the remainder was left uninoculated. Pools of normal and infected allantoic fluids were made by harvesting as much allantoic fluid as possible from each egg; then chorioallantoic membranes were harvested from the same eggs. The membranes were ground in a Waring Blendor with the fluids removed from the same eggs. These homogenates were stored at -65 C until used; they were designated as "crude."
The crude membrane preparations were subjected to one cycle of low (750 X g) and high (12,000 X g) speed centrifugation. The particulates of the 12,000 X g sediment were suspended in 0.5 volume of PGS and were treated with 0.5 mg/ml of trypsin in the cold overnight. The next day, the suspensions were again centrifuged at 750 X g and sedimented at 12,000 X g. The particles were resuspended in one-tenth the original volume with PGS. These preparations were designated as "trypsin-treated."
Spectrophotometric determinations. The rate of formation of formazan was indicated by the rate of change in optical density, determined by use of a DU spectrophotometer (Beckman Instruments, Inc., Fullerton, Calif.)
The basic reaction mixture consisted of the following: tetrazolium salt, 0.2 ml; 0.067 M phosphate buffer, 0.5 mi; 0.075 M ethylenediaminetetraacetic acid (EDTA), 0.1 ml; 0.03 M potassium cyanide (KCN), 0.1 ml; reduced nicotinamide adenine dinucleotide (NADH2) or NADPH2, 0.2 ml; MP or homogenate preparation, 0.1 or 0.2 ml; and 0.85% NaCI to make the volume to 3.0 ml. Variations, such as the addition of metals or coenzymes, were as indicated. The optical density was recorded at various time intervals after the reaction was started with NADPH2. The unit of activity chosen was that amount of MP or homogenate necessary to produce a change of 0.1 optical density unit/min. Formazan peaks, in this instance, were found to be as follows: MTT, 635 mu; INT, 535 m,u; and NBT, 540 mu.
The cytochrome c reductase activity was measured as the change in absorbance at 550 m,.
Protein determinations were carried out with the Folin phenol reagent by the method of Lowry et al. (5) .
RESULTS
The first project was to determine the effects of pH, KCN, and EDTA on NADPH2-tetrazolium reduction by MP. It was found that, between pH 5.5 and 7.8, the rate of tetrazole reduction increased with increases in pH. This was also the case when NADH2 was used; however, the change in rate with pH in the case of NADH2 was greater than that observed with NADPH2. All reactions were carried out between pH 7.0 and 7.5; these rates could then be compared with those of NADH2 reactions. EDTA and KCN both produced slight increases in the reaction rate and so were also included in reaction mixtures, unless otherwise specified. Figure 1 shows the differences in rates of activity of 10-to 20-fold concentrated trypsintreated materials. There was, indeed, considerable and significant reduction by the MP preparations. The units of activity presented in Table 1 are given per milligram of protein and are corrected to the original unconcentrated volumes, for comparison with the crude preparations. The rate of NADPH2 reactions (Table 1 ) was at a considerably lower level than the rate of NADH2 reaction; this difference was even greater in MP particulates from fluid than in membrane particulates. Previously, it was reported (1) that the pattern of tetrazole and cytochrome c reduction in the presence of NADH2 by partially purified MP differed from that of normal, allantoic membrane particulates. This also appeared to be true in the transfer of electrons from NADPH2 (Table  1) . In crude preparations, cytochrome c was again the predominant reaction of normal membrane, whereas there was no electron transfer from NADPH2 to cytochrome c by MP. After trypsin treatment, normal particles no longer exhibited significant NADPH2 transfer, whereas MP preparations retained this activity, though at a reduced level.
The branes, homogenized in fluids of the same eggs, with similarly prepared infected membranes and, also, with infected fluids alone, was one of the most adequate tests thus far achieved. As shown in Table 1 , both normal and infected crude membrane preparations are less active than MP-infected fluids, and both have the characteristic of normal preparations where the cytochrome reduction is the most rapid activity. After trypsin treatment, the activity per milligram of protein of the infected membrane preparation increased considerably and assurn'A the character of MP particles, i.e., cytochrome reduction was not the predominant activity. The normal membrane preparations lost all significant NADPH2 activity, after trypsin treatment. Although usually there was little or no loss of infectivity after treatment, the enzymatic activity of infected fluids may have dropped somewhat; whether this indicated only a removal of normal enzyme activity or whether some of the activity of the organism itself was also removed has not been determined at this time. At Table 3 shows that cobalt and ferrous ions increased the rate of reduction 5-to 10-fold; calcium ions had little, if any, effect; manganese seemed to be inhibitory; and the effect of magnesium ions apparently varied with the MP preparation and, as yet, was uncontrolled. Figure 2 shows the different effects of cobalt and ferrous ions on the tetrazolium reduction. With ferrous salts, the rate of reduction was initially very rapid; this period was followed by a gradual falling off in the rate, as though these ions were being removed or oxidized. With the concentration of cobalt used, there appeared to be an initial induction period before the increase in rate of reaction became apparent; with higher concentrations of cobalt, this initial period disappeared.
Finally, the effect of ouabain (a transport inhibitor) on this system was examined. This compound inhibited NADPH2-tetrazolium reduction by MP.
DIscussIoN
Experimental evidence from many sources suggests that the biological role of NADPH2 and pathways of transport of its electrons are varied .055 .05
a Complete reaction mixture contained: tetrazolium salt, 0.016 mg/ml; 0.05 M KCN, 0.1 ml; NADPH2, 0.2 ml; 0.067 M phosphate buffer (pH 7.5), 0.5 ml; MP preparation, 0.2 ml; 0.85% NaCI to bring the volume to 3.0 ml; 0. In these studies, divalent cations, particularly ferrous and cobalt ions, had a very definite effect on the NADPH2 system. Whether these results indicate metal-containing or activated enzymes, or metal-associated transport intermediate, has not been determined; however, ferrous ions are very readily oxidized by MP under several conditions.
One might ask whether there is lack of agreement between the experimental results with tetrazolium salts and those of Weiss and Kiesow. They have reported (6; Bacteriol. Proc., p. 85, 1966 ) that MP has associated with it the ability to utilize glucose, glutamate, and pyruvate, with the liberation of CO2, that these reactions, in some instances, require ATP or are enhanced by NAD or NADP, and that these coenzymes are not reoxidized. The data obtained with tetrazolium salts indicate that in this organism, indeed, there are several pathways of electron transport from NADH2 or NADPH2. It is conceivable that, in the experiments with substrates, such as glucose or pyruvate, the products formed and the reaction equilibrium do not favor reoxidation of reduced coenzyme. In this report, both the electron donor (coenzyme) and electron acceptor (tetrazolium salt) were in excess, and the ability of the organism to carry out electron transfer was specifically measured. Given the proper conditions, most biological reactions are reversible. The conditions under which the two types of experiments were carried out were different; therefore, it would not seem that the results are necessarily in disagreement.
The observation that particulates from infected membranes and fluids consistently assumed the pattern of MP particles from fluids seemed to validate the method used. However, if the infec-
